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TITLE OF THE INVENTION 

Optical Fiber ;.and Method of Fabricating the Same 
BACKGROUND OF 'THE INVENTION 
Field of the Invention 
5 [0001] The present'-' invention relates to a micro- 

structured opfedtcal.. fiber having holes extending along a 
longitudinal direction thereof, and a method of 
fabricating the same. 
Related Background: Art " " •■' 

10 [0002] Optical fibers having holes extending along 

a longiti}dina.l : * direction thereof (corresponding to a 
fiber axis di-irection) include ones called holey fiber 
or photonic crystal .fibfer. Hereinafter, such an optical 
fiber having holes, extending along the ; longitudinal 

15 direction is referred to as a micro-structured optical 
fiber . 

[0003] in such a .^icro-structured optical fiber, 

the difference, of -meaft refractive index between the 
core region ami thh\ cladding region can be adjusted by 
20 adjusting • the • sizes, or . distribution of the holes in a 
cross section orthogona.l to the longitudinal direction. 
Therefore,' it '-is possible to obtain a characteristic 

superior to that of an optical fiber hav.ing no hole. 

< • >*'. *■ * . 

For example, in Japanese Patent Application Laid-Open 
25 No. 2002-31737, a micro-structured optical fiber having 
a large negative dispersion .ahd a large effective area 
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at a' wavelength of. 1.55 ( /i'm) has been proposed. The 
'proposed imicro-structured optical fiber has a three- 
layered cladding region surrounding the core region in 
order, and in' each layer of the cladding region, a 
5 plurality ,of .holes are arranged. The above optical 
transmission . characteristic can be obtained by 
increasing the diameters of the holes in a cross 

section orthogonal to the longitudinal direction as the 
*• . * 

holes are., located toward increasingly outer position 
10 within the \ th^jse-layered cladding region. 
SUMMARY OF* THE INVENTION 

[00 04] • TheiV. inventors have studied conventional 

optical communication .systems in detail, and as a 

result, have .'Tiound problems as . follows. Namely, a 

15 micro-structured optical fiber is produced by drawing 

an optical fiber preform having through holes intended 

to serve as the holes of .the optical fiber to be 
*, 

obtained. When, an optical fiber , preform having through 

holes is heated". and,;; melted fpr. the drawing/ the surface 
*« 

20 tension acts ori* the ■ interface' of each through holes in 
the tangential/ directions. -When the surface tension 
acts on the interface o£. each- through holes in this way, 
the radius direction component of the surface tension 
increases in -proportion to" the curvature of each 

2 5 through hole and ^cts -on each through hole so as to 
collapse it. As a result* • the smaller the diameters of 
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the through ffoles, the more easily the through holes 
are collaipsed. under the influences of surface tension, 
and consequently the holes 'are collapsed or deformed 
during the drawing;!" That is, there have occurred cases 
5 where the holes are not fprmed as designed in the 
optical f iber Vaftet. drawing or the holes are deformed. 
[0005] • As {.described above, the optical transmission 
characterrstic'of .the micro-structured optical fiber is 
obtained ijy adjusting the sizes or distribution of the 
10 holes in the ctoss section orthogonal to the 
longitudinal direction (corresponding to the fiber 
axis) . Therefore, there has; been a case* that when no 
desired holes are formed in the micro-structured 

4 

optical fiber* or the holes are deformed,* the optical 
15 transmission 'charefcteris tic .^widely deviates from the 
design value. * 

[0006] In, brdej: to overcome the above-mentioned 

problems, it re an, object of the present invention to 

i 

provide an optical fiber having holes extending along 
2 0 the longitudinal direction thereof and an optical 

characteristic .closer td. the design value, .and a method 
of fabricating .such a micro-structured optical fiber. 
[0007] The present inventor carried out researches 

and studies as ; to fiow deformations of the through holes 
25 of an optical V fiber preform 4 ; intended to serve as the 
holes of a micro-struqtured--' optical fiber are caused 

3 '•• 
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when the opt real fiber preform is drawn, and has found 
that when no inside of the through holes are 
pressurized, the .deformations of the holes of the 
optical fiber preform are caused to the extent of 80 
5 (%) of them, in the region in. which the diameter of the 
optical fiber "preform decreases to about 5 (mm), in the 
course of the process of ^rawing the optical fiber 
preform. /. 

[0008] , Th%t is. t in the area inside the heater of 
10 the drawing "furnace, the temperature of- the optical 
fiber preform -is sufficiently high, and therefore the 
holes are easy to\ collapse with consideration in view 
of viscosity. , However, the diameters of 'the holes are 
large, and hence surface' tensions have a slight effect 
15 of collapsing' the holes. On\ the contrary,., in the area 

lower than- the lower end of the heater, the temperature 

■ * ■■ 

of the fiber preform is' low and the viscosity thereof 
is high, &nd "hence' the tioles' .are hard to 'collapse whit 
considering in?view of viscosity. However, in this area, 

20 the diameters* of the holes are very small, and the 
effects of surface tensions acting on the. holes so as 
to collapse the holes are large. As a result of an 
investigation,.'.^ it was found that when comparing effects 
between viscosity ^and surface tension, the effect due 

25 to viscosity i : s more predominant for collapsing the 
holes. This i-s the reason why the order -.of 80 (%) of 
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the hole deformations in the ' optical fiber preform are 

... 4 

caused ih : the* are'$ where t : he diameter of thfe optical 
fiber preform' is the order? of 5 (mm) or more. On 
further carrying out researches and studies the present 
5 invention : has ibeen ' .accomplished. 

[0009] Tha-[t is; the present invention is directed 

to a method of fabricating '.a micro^structured optical 
fiber in '-which a plurality /of holes extending along a 
longitudinal direction p5 the optical fibe£. The method 
10 of fabricating, the optical"- fiber comprises the steps 
of: preparing an' optical /fiber perform having a 
specific '.structure; and drawing the optical fiber 
perform with 'a* predetermined: drawing tension. In the 
preparing;' step, the .-.optical fiber preform has a 
15 plurality 'of -through holes intended to serve as the 
holes. In the drawing step/ ..the optical fiber preform 
is drawn With > 'the drawing tension of : 0.78 (N) or more 
while pressurising ^ the : inside of the through holes of 
the optical fiber /preform.-. In accordance with the 
20 method, the ptepafed optical fiber'" preform is drawn 
while pressurising" the?' inside of the through holes 
formed in the optical fiber preform, so that collapsing 
of the holes is r restrained. '.^Further, the optical fiber 
preform is drawn by .a high drawing tensior^ of 0.78 (N) 
25 (= 80 (gf).) or V: more, that is'; .in a low temperature, and 
thereby the viscosity of the* glass is high whereby hole 

... • * 

•.* " . ' * » . ** 

5..'-' ', 
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deformations of the, drawn perform can also be 

restrained. • 

[0010] In' the method according to * the present 

invention, the* drawing tension is preferably 1.18 (N) 

5 or more. . In the case where the drawing tension is 1.18 
* 

(N) (= 120 (g'f ) ) or more, the drawing can be carried 

r •• .» 

out at a 'lower temperature, .and thereby hole 
deformations 'of the drawn •. preform can • be further 
restrained'*. t ]j * 

10 [0011] ••' Furthermore-, . in the method according to the 
present invention, in the case of obtaining an optical 
fiber with the*'holes edch having a diameter d of 2 i^im) 
or less, the pressure ■ P (kPa) applied to- the through 
holes of the optical fiber preform preferably satisfies 

15 the following^ gelation 1 ) . Here, in this specification, 
the pressure .-P applied to the through holes means a 
differential pressure to the atmosphere pressure. 

-d + 4.S; ; < P < -1.. 5d + .6.8... (1) 
[0012] At /the time that* it is started to heat the 

20 optical fiber preform ' in the drawing furnace, the 

viscosity, of the periphery of the through holes reduce 

because the optical", fib.er preform is heated and melted. 

In contrast, the diameters of the "through holes are 

large, and henee influences of the surface* tensions are 
... 

25 slight. Therefore, .when the process of pressurizing the 
through hales proceeds/, the through holes expand under 
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the influence.; of the pressure applied to the through 
holes. On the other hand, when \ the optical fiber 
preform is drawn and the diameter of , the preform 
becomes smaller, the through holes.become- smaller, and 
5 hence the^ influences due to the surface tensions become 
larger and the through holes shrink'. In ; the case of 
obtaining an optical fiber with the 'holes each having a 
diameter; d of 2 (/mi) or less, expansions and shrinks of 
the through holes can be balanced by pressurizing the 
10 through holes:, so as to satisfy the above-mentioned 
relationship (1). 

[0013] In*, addition, in the case of obtaining an 

optical fiber with holes each having a diameter d 2 

(Mm) or more but 4 (/im) or less, the pressure P (kPa) 

15 applied to the through holes of/- : the optical fiber 

preform preferably satisfies, the following .relationship 

(2). % 

-d + 4 . 5 < P < -d + 5. 8 (2) . 

[0014] In -this case, expansions and shrinks of the 

20 through holes can be balanced by pressurizing the 

r 

through holes so as to satisfy the above-mentioned 
*» 

relationship (2) . 

' 

[0015] r In/. -the case of obtaining an Optical fiber 
with the hole^ each having a diameter d of; 4' (/im) or 
25 more but 6 ( /z.-itL) or less, the pressure P <kPa) applied 
to the through , holes of the optical fiber preform 
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preferably satisfies the following relationship (3). 

-0.2d +il.3 <" P < -0.4d + 3.4. ... (3) " 
[0016] In' this case'/, expansions and shrinks of the 

V 

through holes* can be balanced by' pre-ssurizing the 

5 through hole§- so as to s'atisfy .the above-mentioned 

«. 

* • v ■ M ; 

relationship ( : 3) . % 

[0017] In the case 'of obtaining, an optical fiber 

with the • tholefe each having a diameter d of 6 (//m) or 
more, thd- pressure P (kPa) applied to the 'inside of the 

10 through holes or of the optical fiber preform 
preferably satisfies the following relationship (4) . 

0.1 < P < 1.0. - . (4). J» :> 

[0018] ' In'^this case, expansions and shrinks of the 
through holes . can ..' be balanced by pressurizing the 

15 through holes \ so as to satisfy the above-mentioned 
relationship (-4.) . - - ; . 

[0019]. ;.: Furthermore-, *in^ the case that a fiber 
diameter after' drawing becomes 100 itim) 'or less, the 

optical fiber':-; preform is preferably drawn under the 

• ■ • ■ •. 

20 condition that;. the drawing tension is 1.7 6 (N) or less. 

When the drawing tension is?" 1.7 6 (N) (= 180 (gf ) ) or 

less, even in.' 4 ' the case that 'an optical fiber with the 

<■ .-. " '» 
diameter ; of 1,00 (.//m) after drawing is produced by 

drawing an optical fiber preform, breakage in the 

25 obtained Qptical fiber can be restrained. 

[0020] In." : i& method* for fabricating an optical fiber 



8. 
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having an outer diameter of 100 (/im) or less after 
drawing according Vto the present invention;, . in the case 
of obtaining ..an optical fiber with the holes each 
having a ^diameter*/! ofM2 (#m.) or less, the pressure P 
5 (kPa) applied to the through holes of the "optical fiber 
preform preferably- satisfies the following relationship 
(5) . ; \ - : ■ k 

-d + .4.5 < P>< -l<5d -iy.6.3. . . (5) 
[0021] In* this case, expansions'; and shrinks of the 

10 through holes can be Balanced while restraining fiber 
breakage by pressurizing the through holies so as to 
satisfy the above-mentioned relationship (5). 
[0022] In:a method for fabricating an-Optical fiber 

having an outer diameter of 100 (/im) or less after 

15 drawing according *tp the present invention^ in the case 
of obtaining an : 6ptiqal -.-fiber with th£. holes each 
having a -diameter r d. 2 iiim) or more but 4 ( m m) or 
less, the' pressure- P (KPa) applied to the inside of the 
through holes ^ of the optical fiber preform preferably 

:' v. ;< ■ ' ' 

20 satisfies the f ollpwing^elationship (6) . " 

•"' . • 

-d + 4.5 < P : i< -d + 5,3 ...(6) 

[0023] ;• In ' this? ca^e./; expansions and shrinks of the 

through holes ...can ybe balanced while restraining fiber 

breakage by pressurizing the through holes so as to 
: v 
25 satisfy the above-mentioned relationship (6)i 

[0024] In-, a m^.thod/bf fabricating an optical fiber 
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• ■ ^ 

-/ t 

having art outer diameter of 100 (/im) or less after 
drawing according to the present invention, in the case 
of obtaining an optical fiber with tt£e holes each 
having a diameter d of 4 (#m) or more but 6 ( p. m) or 
5 less, the pressure P (kPa) "applied to the inside of the 
through 'holes of the optical fiber, preform satisfies 
the following relationship * -Q 7 ) . 

-0.2d + 1.3 < P < rO.id + 2.5. (7) - : 
[002 5] In- this case, expansions and shrinks of the 

10 through holes-, can*., be balanced while restraining fiber 
breakage by pressurizing the through holes so as to 
satisfy the above-mentioned^ relationship (7) . 
[002-6] • Furthermore,* in,; a method of fabricating an 
optical fiber having aii'-'bute;r diameter of 100* .(/im) or 
15 less after drawing, according to the present invention, 
in the case pf obtaining, an optical fiber with the 
holes each having a diameter , d of 6 (/zm) "or more, the 
pressure P (kPa) applied to the inside of the through 

holes of the optical,, fiber preform satisfies the 

«• 

20 following relationship (8). ; 

-0.1 < E,< -0.7 . . "(8) ' ' 

[0027] . In vthis. case, expansions and shrinks of the 

through holes rcan be balanced while restraining fiber 

breakage by pressurizing the through holes so as to 

• • • 

2 5 satisfy the,, above-mentioned" ^relationship (8) . 

[0028] An. optical fib^r- according to the present 

" * *•*• . 

' • ' ■ \\- 

'•*' 

ip 
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invention comprises a core region which extends along a 
longitudinal direction (corresponding to a fiber axis 
direction) of- the optical . fiber, a cladding region 
provided on aijt: outer periphery of the core region, and 
5 a plurality of' holes provided sc* as to extend along the 
longitudinal direction. The plurality of holes are 
formed in at- least one of the core region and the 
cladding region, and arranged so as to. constitute a 
layer'ed structure having three or more layers in a 
10 cross section orthogonal to. the longitudinal direction. 

[0029] In. particular, • when the maximum hole 

diameter and the minimum hble diameter of each of the 
holes arranged so as to Constitute, the inner layers 
except the outermost la-yer of the layered structure are 
15 respectively s-e.t to d^ and cW, the mean value of 
maximum diameters dMAx and the minimum diameters d^ 1N of 
each of the holes arranged so.' as to constitute the 
inner layers is set. to d^, the fist deviation of each of 
the holes arranged ; so as to * constitute the* inner layers 
20 is set to Di :('%) as defined,: by the, following formula 

o) :• ;; # * • :. 4 . 

t D ..£.\d s^r - dyA x 1Q |. r ,. J; ( . 9) /? ,and 
d a 

the second deviation o£*each of ttie holes' arranged so 
as to constitute the inner layers is set --to D 2 (%) as 
2 5 defined by the'.-fol lowing formula ;.( 10) .: 
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i ■ 

i 

D 2= \d um ~ d J xlQQ (10), 
a A . 

both of the first deviation Di and second deviation D 2 
of each of the holes arranged so as to constitute the 
inner layers aire 10 (%) or less. *\ 
5 [0030] When the plurality of holes constitute the 

layered structure, the geometric f ormationiof the holes 
arranged so ars to constitute the inner layers except 
the outermost ,;layer of ..the .layered structure exerts an 
influence.- on the optical transmission -characteristic 
10 more than the geometric formation of the hples arranged 
so as to constitute the outermost layer. Thus, the 
optical transmission characteristic of -the obtained 
optical fiber can be made closer to the design value 
because the first deviations* Eh and second deviations D 2 
15 of the hole arranged so as to constitute the inner 
layers are respectively -.10 (%) or less. 

[0031] ^ Furthermore, . in the optical fiber according 

to the present invention Shaving the above-mentioned 
structure, when the maximum hole diameter' and the 

20 minimum hole diameter of each of the whole holes are 
respectively sfet to dwAx and : dm*, the mean "value of the 
maximum diameters and the minimum diameters d M iw of 

each of the Whole holes *is set: to 5 £, the fist 
deviation of each of the' whole holes is set to A x (%) 

25 as defined by the following formula (11) : V. 

.:• ';' 12 

« 

J 
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^ ^ = kw - S A \ x 10q . . . (11) , and 

the second deviation of each' of \ the whole holes is set 
to A 2 (%) as defined fay the following formula (12): 

a = \d_*£ -5 J x . . (12) 

5 both of the fi : rst .deviation Ax and second deviation A 2 

of each of the whole holea. is 10 {%) or -less. In this 

case, both of the first deviation Ai ariql the second 

deviation A 2 of e[ach of the ' whole holes 'Including the 

holes arranged- so -as to* constitute the outermost layer 

10 are 10 (%) of less. - Thus,- the optical • transmission 

• » ■ 

characteristic of the * obtained optical fiber can be 

made closer to f . the* design value. 

* ■ . • . :„[ . >' 
[0032] ' Thie present invention will be more fully 

understood from the detailed : description given 
15 hereinbelow and the accompanying drawings, ;which are 

given by way of illustration only and are not to be 

considered as ^Limiting the present invention. 

[0033] Further"; scope of applicability of the 

present invention .will becoipe;: : apparent from the 
20 detailed description given hereinafter. However, it 

should be understood that the detailed description and 

specific examples, , v -while : ■ indicating preferred 

embodiments of the...invention,' are given by . way of 

illustration only, since various changes and 

13 
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modifications within the. spirit and scope of the 
invention will be apparent to those skilled* in the art 
from this detailed description. 
BRIEF DESCRIPTION 6F THE ■ DRAWJNGS 
5 [0034] Fig. 1A is A view showing a crpss sectional 

structure,- of a micro-structured optical fiber of one 
embodiment of according to* .the ' present invention; and 
Fig. IB is a crossv. sectional T . view of one of the holes; 
[0035] Fig. 2. is aview* showing a cross sectional 

10 structure,, of an optical fiber preform tof-.be the micro- 
structured optical fxbef of Figs'. 1A and IB, orthogonal 
to the longitudinal direction' thereof; 

[0036] Fi'g. 3 is #i ■ a schematic view- showing a 

configuration .of a drawing' apparatus for drawing the 
15 optical fiber perform of Fig. 2; 

[0037] Fig. 4* is a* graph showing the pptimum range 

of pressure applied to the • through holes' provided in 
the optical fiber perforin; . 

[0038] Fig. 5 s is an /'electron microscope photograph 

20 showing a cross • sectional .structure of. the micro- 
structured optical fit>pr .obtained by drawing the 

• * *. 

optical fiber' preform by the drawing tension of 0.59 
(N) ; ; %; . •;, 

[0039] . Fig. 6, is an" v electron microscope photograph 
25 showing a cross sectional structure of the micro- 
structured optical fiber obtained by '.' drawing the 
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optical fiber preform by the drawing tension of 1.08 
(N) ; ' i' 

[0040] Fig. 7 '.is an electron iWicroscope photograph 

showing a cross sectional structure of ; the micro- 
5 structured optical fiber • \obtain£(B- by : drawing the 
optical fiber J preform .by t,he. drawSttg t*hsion of 1.32 

(N) ; •". v ':■ ' 

..A"*. 

[0041] Fig. 8 is an-, electron microscope photograph 

showing a cross ' sectional',/ ; structure of the micro- 
10 structured-, optical fiber obtained' ■ by drawing the 
optical fiber preform .by the drawing tension of 1.47 
(N); \ : : r . ' 

[0042] * Fig. . 9 • is a graph showing the relationship 

between the drawing _ tension and the ; deviation of 
15 maximum hole diameter; and 

[0043] Fig. 10 is a graph showing the relationship 

between the optimun) pressurizing rancfe and -the hole 
diameter. / . v 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
20 [0044] In the ^following, embodiments of an optical 

*.**• * V* 

fiber, and a method" of fabricating the same according 
to the present invention will be explained in detail 
with reference ,to &igs. 1A, IB, 2 to'vlo. In the 
explanation of •; thevfdrawings,. const iti>ents -identical to 

: '• * ' : t • . . 

• ► " ' ' ■ ' ' . V | * 

25 each other will be yref erred 1 to with .^.umerals- identical 
to each other without repeating theii" overlapping 
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. • . I" 

V 

descriptions . 

[0045] At. first, a : ! mi£ro-structured optical fiber 

in which a plurality." ?of holes is provided along a 
longitudinal flirection : (corresponding to * 4 fiber axis) 
5 of the optical* fiber Will be explained. '-Fig.- 1A is a 
view showing a.- cross sectional structure, of t,he micro- 
structured optacaJ?. fiber- 10 according to the present 
embodiment, ojrthogcinal^ to ;the longitudinal direction. 
The micro-structured dp.t'i.cal fiber 10 comprises a core 

10 region 111 extending ajong • the longitudinal direction, 

* ■ . '■*--.■ * * **■ 

and a cladding 'region 12 surrounding the outer 

periphery .of the core region 11.; 

[0046] In -the cladding region '12, a ' plurality of 

•V . 
holes 13i, 13 2 , -\L3 3 ,' and. 13 4 extending along the 

15 longitudinal correction df the micro-structured ' optical 
fiber 10 is formed , around' the core region '.11. As shown 
in Fig. 1A, the holes 13i to 13* are arranged so as to 
constitute a layered structure having four layers with 
hexagonal lattice . forms around the core region 11. 

20 Dotted lines in Fig. lA/are drawn in- order to show that 

the distribution of the/ holes 13 x to 13< constitute the 

' y . ' I- 

layered structure, and are not actually formed. .In this 
connection-, while the layers are designated as first, 
second, third, 'and fourth layers respectively in order 
25 from the innermost layer; to the outermost layer, holes 
constituting the layers' are* designated as holes 13 x , 13 2 , 
l - ' 
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13 3/ and '13 4 respectively. - The holes 13 a to 13 4 are 
arranged so tKat ti/ A is 0.5 or more; where d ( m rn) 
represents thet. diartieter; .of each of tjie holes, and A ( p. 
m) represents f the center-to-centef distance between 
5 adjacent 'holes. When one of. the holes (eig. holes 13 4 ) 

is deviated from a.: circular - form whit perfect roundness 

• '•• . . •*.■'• " • * 

• y ■ 

as shown jin Pig. -IB, % : the diameter , d may be the mean 
value of the i^aximum hole diameter '{e.g. -the length of 
the major axisj d^ ( ju m) and minimum, hole diameter (e.g. 
10 the length of the minor axis) d M i N (//m) of the hole. 

[0047] . Furthermore, at; the case that the first 
deviation ; Di {%) q>f each of the holes iX to 13 3 is 
defined by the ^following formula (13): 

D ^M-mi - ioo. - • - (13) , and 

15 the second deviation D 2 (%.) of each of the- holes 13i to 

•>. 

13 3 is def ined 'by the following formula (14) : 

» 

when the maximum h/Dle diameit'er deviation D (%) of each 
of the holes l-3i to. 13 3 is assumed as : the larger one out 
20 of the associated first deviation D x vand tfce associated 
second deviation D 2 , the maximum hole ; *diameter deviation 
. D of each; of ;the holes;!:- 13 x ■ to : 13 3 Arranged so as to 
. constitute the inner layers »;.except the outermost layer 
is 10 (%) "or ie-ss. In other words,/ regarding to each 

* * ^ ■ 

'. . ■ 17 ' 
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hole, both of-, the first deviation • Di and the second 
deviation D 2 are 10 (.%) ojp less. 

[0048] In the formulas (13) and (14), d A ( ii m) is 

the mean value of the-' maximum hole, diameters duAx and 
5 the minimum hole diameters d M iN of the holes l3 a/ 13 2 , 
and 13 3 constituting . the'iinner layers. 

[004 9] Since the maximum hole diameter deviations D 

of each of the holes* 13i- to 13 3 is 10; (%) or less 
(namely, the deformations of the holes 13 2 to 13 3 are 

10 little) ^s described ; eLbove, an optical -transmission 
characteristic ' such /as : ; ' a chromatic 1 dispersion 
characteristic of the microrstructured optical fiber 10 
is closer- to ., the . design value. • That Sis why the 
geometric formation of .the holes 13i to 1'3 3 . arranged so 

15 as to constitute the 'anner layers exert a greater 
influence -.on the optical transmission characteristic of 

- *' 

the micro-structured '.optical fiber 10 than the 
geometric: formation .of '.the holes 13^ arranged so as to 
constitute the ; -. outermost;,. layer; . . 

20 [0050] Furthermore ,-Vin the microrstructured optical 

fiber 10 the /holes l3i : ;' to '.. I3< are provided in the 
cladding region 12, so that : th*e mean refractive index 
of the" cladding region.. 12 is less than that in the case 
where the cladding region 1-2 contains no .holes 13i to 

25 13 4 . Therefore, the relative refractive index 

difference between the core 'region 11 and the cladding 

■x ■ 18 
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region 12/ is larger than 'that in the case where any 
hole is not foxmed. in the cladding region 12. 
[0051] Next, ■ a method of fabricating the micro- 

structured optica! fiber 10 will be explained. At first, 
5 an optical fiber preform 20 intended to "serve as the 
micro-structured optical fi.ber 10 is prepared. Fig. 2 
is a view shq.wing- a cross sectional structure, of the 
optical • fiber p'refprm .20, orthogonal to the 
longitudinal direction." The optical fiber preform 20 
10 comprises/, as shpwn ;in Fig. 2, a first region 21 
intended to serve/ as the* core .region 11/, and a second 
region 2 2" : intended to serve ; as the cladding region 12. 

It is assumed * that the', first region 21 aftd the second 
* * * 

region 22 have., the same composition. In the second 
15 region 22* through^ holes 23 lf 23 2 , 23 3 / and 23 4 intended 
to serve as the holes 13^, i'3 2 , 13 3 , and t3 4 are formed. 
The through holes' 23i 'to 23 4 are arranged', as shown in 
Fig. 2, with -the layered structure with four layers 
each having a ; T hexagonal lattice; form around the first 
20 region 21 in" a - cross section orthogonal to the 
longitudinal direction. The dotted lines »in Fig. 2 are 
described/- like the dotted lines in Fig. 1A, to show 
that the .through holes 23 x to 23 4 constitute the layered 
structure . «.-. ;. • 

25 [0052] The opt ical/'f iber preform 20 is obtained by 

forming at first • the first region 21 and the second 

i9 
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region 22 by a VAD method, MCVD method, OVD method, or 
the like;?* by /^dehydrating *c*nd ' sintering * the obtained 
soot perform so as to ybe a transparent glass preform, 
and by fprming the through holes 23 1 to 23 4 in the 
5 second region ^22. The -.'.-through holes 2 3i to 23 4 may be 
formed with a ^ drill fo.f. example. The diameter of the 
optical fiber preform 20 is not limited tfe a particular 
value, and is,;, for example, about 40 mm to 70 mm. This 
optical fiber preform 20 is / elongated by an elongating 
10 apparatus'- so 'that the diameter of it -becomes, for 
example, ;25 mm, and £hen transferred tb'-the drawing 
process . ' • ' 1 

[0053] ' Next, the optical fiber perform 20 is drawn 

while pressurizing the through holes 23 a to 23 4 of the 

15 optical fiber preform 20. Fig. 3 is a schematic view 
showing a configuration of the drawing apparatus 30. 
Fig. 3 shows t a process in which* the optical fiber 
preform 20. is (if awn by the drawing apparatus 30. f 
[0054] The optical fiber preform 20 . has one end 

2 0 connected /• to a', dummy -pipe of a hollow cylinder type. 

The optical fiber preform .20 is kept in the drawing 

furnace 60. while holding the. dummy pipe 4 0 .connected to 
* 

the one end by -the'- chuck 50 . 

[0055] The'., diameter (outer diameter) of the dummy 

25 pipe 40 is. nearly equal to the diameter of the optical 
fiber preform 20. The inner diameter of the dummy pipe 



20041 4fl IB \mm SOEI/fATET I LAW FIRM ' NO. 1855 P. 28 

• » 

" . * ■" * ■ 

' FP040047 00 

40 is nearly equal to or slightly larger than the 
diameter of the circle., surrounding the through holes 23 4 
arranged -so a^ to constitute the outermost layer in the 
optical fiber preform 20. The internal space 41 of the 
5 dummy pip£ 40\;is joined- to the pressure adjuster 80 via 
the pressurizing joint 7 0 wfrich is fixed*"to the end of 
the dummy-pip's 4 0 # ' opposite to the optical -fiber preform 

20. The pressure adjuster -.'80 applies pressure to the 

e \ 

through holes V23 x to 23.4. of .the optical fiber preform 20 
10 through the -internal space . 41 of the dummy pipe 40 to 
make the pressure in the through holes 23'f. to 23 4 higher 
than atmospheric pressure. 

[0056] > The* pressure adjuster 80 comprises a buffer 
tank 81,.. a ," differential manometer 8.2, a vacuum 
15 generator (VG)' 83 , mass . flow controllers ' ''(MFCs ) 84 and 
85, and a.;;con^rpll^r 8 6y. The controller 8.6 controls the 
MFCs 84 and 85/.' ' \ 

[0057] The/buffer Vank 31 1,3 filled with mixed gas 

of nitrogen g.as arid oxygen gas. Thk buffer tank 81 is 
2 0 connected . with the pressurizing joint 70 through the 
pipe 87a. ' The/ pre'$sur£ is applied to the through holes 
23 x to 23 4 v thrciugh;- the inner- space 41 of the dummy pipe 
40 by adjusting the pressure of the ' mixed gas in the 
buffer tank 81^ ■•• '\ 
25 [0058] T *H '- Pressure in- the buffer" '.tank 81 is 

measured by the'/dif f erential manometer 82"; and adjusted 

■ 21 . 
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on the basis\of .the measured '.value. The method of 
adjusting';. the pressure .in- the buffer tanfk 81 will be 

described. iin more detail . 

* . ■* 

[0059] The : : differential manometer 82 is 

5 electrically connected to the controller.' .86, and the 
value measured" by the"; differential manometer 82 is 
input to the controlled '8 6 . The controller 86 controls 
the MFCs 84 and 85 on the basis of the value measured 
by the differential manometer! 82 to change the pressure 
10 in the buffer tank 81/ . - - : 

[0060] Into the MFCs 84 and 85, .mixed gas of 

nitrogen gas knd oxygen ■ gas ; is -caused to; flow through 
the pipe 87b from" the left side in .Fig. 3. The mixed 
gas which has passed through ■ the MFC 84 flows . into the 
15 VG 83 thrgugh the pipe 87c; The VG .83 is" connected to 
the buffer- tank* 81. through : the -pipe *87d. On the other 
hand, the mixed * gas which has passed * through the MFC 85 
flows into' the buffer tank 81. through the pipe 87e. An 
initial gas pressure . in the;' buffer tank 81 is 
20 determined by means of', the mixed gas which has passed 
through the- MFC -85. Ii£'>this\sstate f when t'jie controller 
8 6 increases, the flow rate 'of - the MFC 8 4 .while keeping 
the flow rate of the MFC 85* constant, the flow rate of 
the mixed > gas'' to the pipe , 87f ^'disposed : ' at the right 
25 side of the VG 83.- in Fig. 3 *. increases . In this case, 
the pressure in the buffer tank- -81 is reduced because 
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the VG 83 ; and the buffer tank 81 are connected to each 
other through the pipe 87d. In order to^ increase the 
pressure in the buffer. -tank 81, the flow rate of the 
mixed gas from, the MFC. 85 to th;e buffer tank 81 may be 
5 increased or the flow rate of the MFC 84 may be reduced. 
As described ^bove, the pressure in the buffer tank 81 
can be adjusted by changing the; flow rate of the MFC 84 
or MFC 85. By*- adjusting .the pressure in the buffer tank 
81, desired pressure is applied .to the through holes 23i 

10 to 23 4 of M:he optical fiber preform 20. 

[0061] The' optical fiber preform 20;; the through 

holes 23i to, 23 4 of - which has been pressurized as 
described" above, is drawn ... while being heated by the 
heater 61 of w the drawing ^Ujrnate 60* at .the other end 

15 opposite to th^ end to which the dummy pipe 40 is fixed- 

i 

[00 62] >,. The; outer diameter ;o.f the micro-structured 
optical fiber;. 10 constituting -the drawn optical fiber 
preform 20 is* measured by the outer diameter measuring 
device 90a at the downstream side of* : the drawing 
20 furnace 60. The outer diameter .of the micro-structured 

•■ .** ' : 

optical fiber/ -10 is about .,125 \ ( m m) unless otherwise 

r • .... ' .' ' 

specified.' Next, the micro-structured optical fiber 10 

is coated with : a resin : 'by the resin, coating unit 100. 

* • • ».•«■■ 

. . •• * 

The resin coating unit" 100, at first, coats the micro- 
25 structure*! optical, fiber . : 1Q with- ultraviolet cured 
resin by"-' the;, primary , coating* dies, and cures the 

23 
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ultraviolet cured resin by ultraviolet ■ irradiation. 

Subsequently, the* resin coatihg unit 100 coats the 

micro-stru.ctured .optical fiber. 10 with;, ultraviolet 

cured resin by the secondary coating dies, ' and cures 

5 the ultraviolet cured resin by ultraviolet irradiation, 

thus doubly covering the micro-structured optical fiber 

# • 

10 with ultraviolet cured resin.. The outer diameter of 

the micro-stiructured optical 'fiber 10 V € pvered with 

ultraviolet cured.: resin .. by the resin coating unit 100 

10 is then measured by the outer diameter measuring device 

90b. The/, micro-structured optical fiber -10 passes the 

* ...... 

capstan 110, ..the ^roller 120a, the dancer ^roller 120b, 

f *."■-. * •• • 

and the rolleir 120c* in order of mention; and then is 
wound up by thp bofebin ; 130 . 
15 [0063] Drawing tension and line speed at the 

drawing are determined, by means* of the retentional speed 

• J,* , * ** 

of the capstan; 11 0> the load of., the dancer roller 121b, 
and the heating temperature taused by the heater 61 of 
the drawing furnaqe 60.,' : ' 

20 [0064] In orcier to increase the drawing tension 

without -GThang^ng K the !, line , speed ' at vtfhe case of 
obtaining- a ihicrd-strugtured' optical fiber 10 having 
the same diamete-r, the heating temperature for the 
optical fiber preform 20 caused iby the heater 61 of the 

25 drawing furnace 60 is "reduced. That is - .why when the 
heating temperature low, the * viscosity of the 

24 
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optical fiber - preform -20 is high, and thereby it is 
necessary, to .draw the optical fiber preform 20 by a 
larger force. On the contrary, in order ' to reduce the 
drawing tension without changing the line speed, the 
5 heating temperature for the optical fiber-, preform 20 is 
increased*. That is why, when the heating temperature is 
high, the * viscosity of -the optical fiber preform 20 is 
low, and 'thereby the optica^., fiber perform 2 0 can be 
drawn by a small power. 
10 [0065] In this embodiment, the line speed of 30 to 

100 {m/miri) is adopted. However, if the . line speed is 
up to theVord'er of 400* (m/min) , the" effect achieved by 
the method for producing the micro-structured optical 

fiber 10 >in this embodiment does hot change at all. 

v . \ • ■ 

15 When the Uine speed is increased without 7. changing the 

heating temperature of the drawing furnace 60, the 

drawing tension increases roughly in proportion to the 

line spee^. # G?hus, : in order £0 increase the line speed 

while kekping..; the drawing ■£ tension constant, it is 

20 necessary^ to; .increase the '.heating temperature of the 
•c" • . . . . : . / 

drawing furnace 6*0. In th:% case, although with the 

reduced viscosity of the glatfs the through holes 23 x to 

. .*< 

23 4 is liable or easier to jdefbrm/' time in which the 
optical fiber .preform 20 is kept at a high temperature 
25 becomes shorter in proportion to the rise, of the line- 
speed. Since the .effect obtainable by liability or ease 
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to deform." it with reduced viscosity on one hand and the 
effect obtainable by lack in liability or ease to 
deform it-, with reduced time", in which it is kept at a 
high temperature- cancel each other, there remains 
5 unchanged the; liability or ease of deforming the 
through holes 23 1 to 23 4 .regardless of the" line speed if 
the tension x-s kept ■ constant . Therefore, under the 
condition jf of Pine .'speed up to the order af - 400 (m/min) , 
the effect of th$. method to be achieved by producing 

10 the micro-structured optical fiber 10 of the present 
embodiment is subject td?.. ho change at alll In the case 
where the line speed . is ' 400 (m/min) or more, the 
proportionality, between.; the line speed and the drawing 
tension iis not. completely applicable so that the effect 

15 of keeping it at a high temperature and the effect of 
the viscosity of »«At does not . completely .cancel each 
other. HoweveV, the method to tie achieved by producing 
the microtstructured optical- fiber 10 of the present 

embodiment: is sufficiently applicable in this case. 

» 

20 [0066] In' the; drawing apparatus 30,* while the 

pressure .adjus r tin^ mean£ 8Q . pressurizes . .the through 

■i.--. '• ; :1 • i • . 

holes 23x to 23 4 of the.' optical fiber preform 20 to keep 

v .• * "■«'*'';' 

the pressure in the through holes 23 x to 23 A higher than 

■ * 

atmospheric pressure, the optical fiber preform 20 is 
25 drawn by ..the*, drawing tension of 0.78 ' (N) or more, 
preferably 1 . ItS (N) or "rtiore, • more preferably 1.47 (N) 

.: /;■ 26 • ..\ 



2004$ 4fl IB mm SOEI PATET & LAW FIRM NO. 1855 P. 34 

V FP04-0047-00 

or more. In' this mariner, drawing the optical fiber 
preform 20 by .'a larger drawing tension (i.e. drawing it 
under a lower temperature condition) is equivalent to 
drawing it under a higher viscosity condition, thereby 
5 inhibiting the deformations of the through holes 23± to 
23 4 . In addition, in tihfe case of fabricating a micro- 
structured optical fiber* 10 having the diameter of 125 
(Mm), the drawing tensio'n is preferably 2.94 (N) (= 300 
(gf)) or less . That;; is why breaks of the micro- 
10 structured optical fiber. 10 can -be restrained. 

[0067] Furthermore, when, the through holes 23i to 

23 4 are pressurized .by the pressure adjuster 80 under 
the condition of the above drawing tension, the 

pressure P (kPa) (corresponding to a differential 

v' 

15 pressure to the atmosphere pressure) applied to the 
through holes 23i to 23 4 of the optical fiber preform 20 
preferably satisfies the following conditions according 
to the desired diameters d of the holes 13 x to 13 4 of 
the obtained micro-structured optical fiber 10. 

20 [0068] . In. the case of d . < 2, the pressure P 
satisfies the -following relationship (15) . 

-d + 4.5 < P*< -L5d +, 6. 8*".. -(15) 
[0069] In 'the case of 2 < d < A, the" pressure P 

satisfies the following relationship (16) . 

25 -d + 4.5 < P < -d + 5.8 ...(16) 

[0070] In the. .case of 4 . < d < 6, the pressure P 

■'.1 " . • ' 

- '• .•- . '• ■■■■ ■)' •' 

27 
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satisfies the following relationship (17) . 

-0.2d + 1.3 < P <--0.4d> 3.4. ..(17) 
[0071] In '-the case of / 6. < d, the' pressure P 

satisfies -the following: Relationship (18) : •■*. 
5 0.1 P < .1.0. . . (i:8) ^ 

[0072] In the case where.- the diameter of the micro- 

structured optical fiber 10 .is 100 ( "/z m) or less, the 
following ^conditions are preferable. 

[0073] In ".the case of ■: d '•'.< 2, the pressure P 

10 satisfies the following relationship (19). : 

* -d +, 4.5 l < P < -l..-5d + '6.3V. . (19) 

[0074] * n the cas£ . of , 2? ■..<* d < 4, the pressure P 

satisfies /-the .following relationship - (20) ... ... 

. " -d +' 4.5- < P < -d + 5.3V.-'. . (20) 

15 [0075] In the case- of 4" < d < 6, the pressure P 

satisfies the following relationship (21) . ** ; 
« * 
-0.2d + 1.3 < P < -0.3d.-lif 2.5. ..(21) 

[0076] In -the case of 6 " £ d, the ' pressure P 

satisfies -the .following relationship .(22) 

20 ■* 0.1 < P < 0. 7. . . (22 : ) 

*. * 

[0077] Fig. 4 s is a graph showing the above pressure 

condition's-. Between the" solid lines':G«410 and G420 shown 
in Fig. 4, there is an optimum pressurizing range for 
fabricating the mioro-sttuctu^ed'ioptical fiber 10 

: V . ■ 

25 having the outer diameter of 125' (^m) ; In' addition, 

\ ' * •■ • 

between thfe solid iines G4 10. ahd • G4 3'0 y - there is an 

i 28 A v 

*. 
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optimum pressurizing range for fabricating the micro- 
structured optical fiber 10 having thd outer diameter 
of 100 ( Mm) . 

[0078] The above pressure conditions are described 

5 as follows. In .the area (upper part of -the heating 
zone) where the optical-., fiber preform 20 is started to 
be heated by the heater 61, • the .viscosity of the 
optical fiber preform 20 is .small but diameters of the 
through holes .. 23i to 23 4 : . are large, ' so that the 

10 influence/: of surface tension - is. little . Therefore, the 
through holes. 23i to 23 4 expand when being pressurized. 
Then, when the diameters of the '. through holes 23 x to 23 4 
become smfell .by drawing- the optical fiber perform 20, 
the " through holes 23i to 23 4 shrink:, because the 

15 influence of surface tension becomes . large . Since the 

'A 

through hiles *23i to 23 4 becomes- the holes 13± to 13 4 by 
fiber drawing, the magnitude of the - influence of 
surface tension* . in-' case; of the shrinking depends on the 
diameters «d r o.f tjtie holes ' l"3i - to 13 4 . By setting a 

20 pressure to be applied to the through holes 23i to 23 4 
according 'to..' diameters of holes 13 x to 13 4 at a value 
which satisfies, the. conditions described above,, that is, 
a value between the solid' . li'ries G410 and G420 (or 
between splid lines G410; and G430) shown in- Fig. 4, the 

25 expansions and .shrinks of -the through holes 23i to 23 4 
can be balanced- v % •': • ; 

» 
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[0079] Under the condition that the drawing tension 

is high, the temperature of. the optical fiber preform 
20 is low and the viscosity *of the glass, is high, 
whereby the through holes 23 x to 23 4 become not 
5 susceptible of any deformation. The forms of the 
through holes 23i* "to 23 A are kept to or maintained by 
canceling the- exp^fisions of the 'through holes 23 x to 23< 
in the region in which ' the through holes 23x to 23 4 are 
large in the first/half fef the drawing, and the shrinks 

10 of the through holes 23 x to 23 4 in the region in which 
the through holes 23 x tp 23 4 kre small in the latter 
half of tl>e drawing. However, there are exerted greater 
influences^ due 1 to^ ^the ^iscosity of "the glass in the 
first half-, of the -...drawing than,; in the latter half' of 

15 the drawii><g. Thus> 'under, the condition that the drawing 
tension isfr high, tfhere is required a larger pressure to 
be applied; in ordar to . expand, the through holes 23 x to 
23 4 by an amount needed in the first half of the drawing. 
From this reasqn, { the optimum pressure in case where 
20 the 'drawing tension is * high becomes high. On the 
contrary, in the ica.se of 1 the low drawing tension, the 

optimum pressure .':fpr ' maintaining forms of the holes 

* ■ ■' X,;, :■ i 
becomes 16w . '•■ ' . - ..; 

* • • * • i. * • 

[0080] v Therefore, .'"the ijpper limit value and the 
25 lower- limit value -. of the pressure P depend on the 
drawing tension. The- solid ; ';line *.G420 in Fig. 4 

t 
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represents pressures P" in case Cohere the optical fiber 

preform 20 is drawn- by .the drawing tension of 2,94 (N) . 

The solid line G410 in, "Fig. 4 represents pressures P in 

case where the optical fiber preform 20 is. drawn by the 

5 drawing tension of- 0.78 "(N) . 

[0081] With the diameter of the micro-structured 

optical fiber 10 reduced, the drawing tension per unit 

area increases. Therefore, in view of inhibiting 

•» * 

breakages of the micros structured optical fiber 10, in 
10 the .case of .fabricating" the i*icro-structured optical 
fiber 10 having the diameter of 100 ( fi m) the drawing 
tension is preferably 1.76 (N) (= 180 (gf ) ) or less. 
Since the max i'mum.-. value of the drawing tension becomes 
smaller (i.e. heated with a higher temperature) like 
15 this, in the case' where the', micro-structured optical 
fiber 10 having the outer diameter "of 100 (.m m) is 
produced, the upper; limit. value of the optimum 
pressurizing range- is l.ess than .that in the case of the 

Y ' . '; 

outer diameter; of £25 fc/im) /'.as shown i'h Fig. 4. 

20 [0082] Furthermore; in the case where the drawing 

tension is small, fche viscosity 'Of. the optical fiber 
preform 20 is low i>i the regidn, at the start of the 
drawing, in which diameters of; the through holes 23 x to 
23 4 are large, and thereby the' through -holes 23i to 23 4 

25 are susceptible of v ;de format ion by a small power. 

Therefore, it i.s necessary to 'adjust the pressure P 
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accurately. On the other hand, in the case where the 
drawing tension is large, the temperature for heating 
the optical fiber preform 2 0 becpmes lower, so that the 
viscosity of the optical fiber preform 20 is high*. Thus, 
5 even if there is a little pressure change, the through 
holes 23i to 23 4 are harrd to be deformed. Therefore, it 
is possible to enlarge the allowable range of the 
pressure P. * 

[0083] Figs. 5 to 8 are respectively electron 

10 microscope photographs each' showing "a cross sectional 
structure -orthogonal to the longitudinal direction of 
the micro-structured optical fiber 10 obtained by 
drawing the optical fiber perform 20 with drawing 
tensions of 0.;59 (N* (- 60 (gf ) )•■; 1.08 (N). (= 110 (gf ) ) , 
15 1.32 (N) (= 1.35 (gf)') r aVid 1.47 (N) (= 150 (gf ) ) 
respectively on pressurizing conditions between the 
solid line G4T0 and] the solid line G420 shown in Fig. 4. 
[0084] As can be seen from Pig. 5\ the outer holes 

tend to be easier to collapse under the condition that 
20 the holes are deformed. 'Moreover, as can be understood 
by comparing Figs. 5 ' to 8, the higher the drawing 
tension becomes, the more * even the geometric forms 
become. The reason for this- is as follows. When the 
optical fiber . preform V 20 is heated ' in . the drawing 
25 furnace 60, heat is conducted from the surface to the 
inside of the optical fiber preform 20. At that time, 

' i- . 
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the through hples 23 4 of the . outermost layer, act as heat 

insulating barriers, so' that the temperature of the 

glass on just outside ^of the through • holes 23 4 becomes 

slightly . higher than the .temperature of the glass 

5 around th^ inner through holes 23 x to 23 3 . Therefore, 

the viscosity becomes low and the through holes 23 4 come 

f 

to exhibit susceptibility of deformation . starting from 
the outermost -ones. When the through holes 23 4 of the 
outermost .layer are collapsed to a certain extent to 

10 lose functions as heat insulating barriers , . the through 
holes 23 3 of the outer second la:yer come to act as heat 
insulating barriers, and hence the through holes are 
collapsed in order from 'the outermost ones. 
[0085] In addition, on a high tension condition, 

15 the temperature of the optical fiber preform 20 is low 
and the viscosity .of the glass is high, so that amounts 
of expansions of the through holes 23i to 23 4 in the 
first half of the drawing, and* amounts of shrinks of 
the through holes 2-3i to- 23 4 in * the latter half of the 

20 drawing are both small. -Therefore, differences in 

deformation amount between the through holes 23 4 of the 

'v 

outermost layer and the . inne-r through holes 23i to 23 3 
described above become smaller. As -.shown in Fig. 8, 
when the .optical fiber preform 20 is drawn by the 
25 tension of 1^7 (N) , all of the holes including the 
outermost on££ " are.' hardly -deformed. If the drawing 
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tension is reduced, amounts of .expansion of the through 
holes 23 x to 23 4 in the first half of the drawing, and 
amounts of shrink of the through holes 23 v to 23„ in the 
latter half bpth become larger, ; so that the differences 
5 of deformation amount between the through holes 23 4 of 
the outermost : layer and the"; inner through holes 23 x to 
23 3 become lar'ge. Therefore', as- shown in Figs. 6 and 7, 
the holes' of the-* outermost*, layer are collapsed and 
deformed. , He-re, it is' understood that deformations of 

10 the holes of- ; the outermost- layer in Fig. 6 with the 
drawing tension of 1 V Q8 (N> are slightly' larger than 
ones in Fig. 7 with the drawing tension of 1.32 (N) . 
[008 6] When the drawing tension is further reduced, 

the through holes 23 4 of thjs outermost, layer are 

15 collapsed-;to. Io.se functions as 'heat insulating barriers, 
so that deformation occurs at the through holes 2 3 3 of 
the outer, second layen\ ... Fig. -5 shows the. # case that the 
optical fiber^ preform! : 20 is drawn with the drawing 
tension af 0/59 \%) . > in £his case, the; holes of the 

20 outer second layer are also starting to collapse. 

[0087] Fig.* 9/is a . graph showing relations between 

the maximum hole diameter deviation of -the holes and 

drawing tension in each of the micro-structured- optical 

v ■ 

fiber 10 •■;shown iri : - Figs, 5?.VtO; 8. The ordinate axis 
25 represents- the maximuih hole, diameter deviation D (%), 
and the abscissa axis represents . drawing tension. In 

: ■* : I' 
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Fig. 9, there are plotted the jnaximujri value P2 out of 
the maximum hole ' diameter - deviations D of the holes 
constituting the layer- next V-to the outermost layer, and 
the maximum value PI put of. the maximum hole diameter 
5 deviations D 'of the holes : constituting the outermost 
layer, r^garxfing * to ' eve&y drawing tension to be 
measured. '.As can be seen from Fig. 9, the maximum hole 
diameter deviations D of the 'holes of the layer next to 
the outermost; layer are 1-0 ■ (%.) or less in the case 
10 where the drawing tension \ is 0.78 (N) -or more. In 
addition, /the* .maximum hole diameter deviations D of the 
holes of the layer. next to the outermost layer is 5 (%) 
or less ip case where the drawing tension • is 1.18 (N) 
or more. In the micro-structured optical fiber 10, the 
15 geometric forms of ' the holes constituting the inner 
layers are easier .to exert 'influences, upon the optical 
transmission 'characteristic of the micro-structured 
optical fiber 10. Thus, the smaller the maximum hole 

diameter deviations, D of the holes of the inner layers 

>i ■ 

20 (i.e. the. smaller the .deformations) , the closer to the 

design value the optical transmission .characteristic is. 

Therefore, the drawing tension needs to kite 0.78 (N) or 

more, and the drawing tension is preferably 1.18 (N) . 

* 

In the case where the drawing .tension is 1.47 (N) or 
25 more, the • maximum \hole diameter deviations D of the 

holes of the outermost layer is also; 10 . (%) or less. 

# • 
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Consequently, it is • understood that the drawing tension 
is more preferably 1.47 (N). 

[0088] Fig. 10 is a graph showing a relation 

between the optimum p.ressu.rizing range -and the hole 
5 diameter. • The ordinate axis ' represents ♦ pressures P 

(kPa) to be applied -to the through holes 23i to 23 4 , and 
the abscissa .axis Represents ' diameters d- ( // m) of the 
holes 13 x to 13 4 of the micro-structured optical fiber 
10 to be '■ prqduced. In Fig. ^-0, points : P4 indicate 
10 samples where. the maximum hole diameter deviations D of 
the holes constituting /the layer next to -the outermost 
layer are 10 • ;% or more, aend the points P3 indicates 

i 

sample where the maximum ho^e diameter deviations D of 
the holes -.'constituting the layer next to the outermost 

15 layer is 10 %' or less. Furthermore, in Fig. 10, the 
solid lines G ; 1010> -GrO'20 antf G1030 correspond to the 
solid lines G410, G420^ and G430' in Fig. 4. As can be 
seen from Fig<10, in £he case where the optical fiber 
preform 20 , is "drawn while applying the pressure P which 

20 satisfies the above- pressure conditions (i.e. 
conditions;- between the^solid ' line G1010 and the solid 
line G1020) t:o the hdles, each of the maximum hole 
diameter deviations of . the holes' 13 3 is 10 (%) or less. 
On the other hand, the maximum hole diameter deviations 

25 D of the holes'; 13 3 of t;hd^ micro-structured 'optical fiber 
10, which;, has ; bee^h; produced' by applying a pressure 

*• r ■ 
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"% . * 

outside the gptimum pressurizing ■] range, are more than 

10 (%) . In qjher words, it can be understood that the 

* • * ■ *■•*• 

deformations of; the holes 13s; are large. From the above, 

*• * * * ■ 

it can be- understood that th£ deformations .of the holes 

• * 

5 13 3 can be restrained by drawing the optical fiber 
♦ . ■• 

preform 20 while applying the; pressure P in the optimum 

r 

pressurizing range to the through^holes 23 x to 23 4 . The 
holes 13i" and . 13 2 that exist' inside the -holes 13 3 can 

not be deformed eas.ily, and therefore.; the * deformations 

* ■ ■ * 

10 of the holes 13i and 13 2 can£ -bfe -;'also» prevented in the 
condition -that* the holes 13 3 dre stable . 

:■ ' ' * ' '-.'}•': 

[0089] > Next, advantages.; ..and '-.effects of the above 
method of fabricating a micro-structured optical fiber 
10 will be explained. . / 

15 [0090] • Conventionally, " when a ' micro-structured 

V s . ' • 

optical fiber .is produced, an optical fiber preform 20 
is drawn by the tension 0.49 to .0:74 (N) . However, in 
this embodiment, an optical fiber, preform ' 2 0 is drawn 
by the tension-. of 0 V 78 (N). or more, preferably 1.18 (N) 

20 or more. In. other words, .. in this embodiment, the 
optical fiber - preform 20 ±k' : 'draWn by a high tension 
while keeping;; the "temperature fot heating, it lower. 
Therefore, ' the deformations of th£ through holes 23i to 
23 4 can be restrained ijn the process of drawing the 

25 optical fiber preform 20: As a' result , v as ' shown in Figs. 
6, 7, and 8, the deformations of the holes constituting 
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the layers other than the ' outermost layer are 

restrained in the micro-structured optical fiber 10. 

Thus, the optical transmission . characteristic can be 

made closer to the design value. Further, as., shown in 

5 Fig. 8, when . the optical fiber preform 20 is drawn by 

the drawing tension of 1.47, (N). (.= 150 (gf ) ) or more, 

the defSrmatibns "of.- :* the ; holes constituting the 

outermost;' layer are also . restrained . Consequently, the 

optical fiber preform 20 isv more preferably drawn by 

10 the drawing tension.of 1.47 . (N) of more. 

[0091] Furthermore, at the drawirjg, the pressure P 

between the solid .lines G4ld- and G420 (or between the 

solid lirfes G.410 and G430) ^Jiown- in Fig., A is applied 

to the through holes 23 a -to 23 4 . '\ Therefore, the 

• 't- 
is expansions^ and shrinks- of the throlagh holes 23i to 23 4 

v 

can be balanced, £nd thereby the deformations of the 
holes 13i to 13 4 are further restrained. 

[0092] By the way, • under the condition that the 

drawing tension is reduced ae shown in Fig. 5, when a 

20 large pressure is applied to the holes in order to keep 
to the diameters of the holes of the layer which is the 
second from pi^tside, . the holes . of the inner layers 
expand too much. On such a low- tension 'condition, no 
matter how the pre.ssure is., changed,' not • all of the 

25 holes can;be mad^ even!" Thus, itfris important to select 
an optimum; pressurizing ^condition ^meeting a requirement 

38 . 
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of a desired hole diameter d in such a state wherein 
the drawing tension is 0.78. (N) ibr more. 

[0093] » In. this embodiment the pressure P to be 

applied to the through .holes 2.3; to .'.23/ is optimized 

5 depending on the diameter of th^. holes 13i to 13 4 of the 

micro-structured optical fiber '/lO- Therefore, the 

expansion? and * shrinks ' of the through holes 23 x to 23 4 

are enabled to be balanced also iri : . the- through holes 23 x 

to 23 4 constituting* a layer structure, "• so that the 

10 maximum hole diameter deviation's 'D of^the holes of the 

layer which is the /second from. .Qtitsi.de can be reduced 

* * ** 

as shown 'in Figs. : '6"/and'7, "and .the deioriuations . of the 
holes of v the ^"outermost lay^t. can be also reduced as 
shown in Fig. \8\. ' 

15 [0094] In.- the case of fabricating the micro- 

structured optical fiber 10 .in Whic*h holes are 
distributed in such a manner > thdt :: . d/ A shown in Fig. 1 
is 0.5 or- mor?;, that is,, in the /caise of fabricating the 
micro-structured, pptical -fibex; ... 10 ' in which space 

20 between adjacent holes' ■ is narrow, adjacent through 
holes are. -"liable s/tp push qne another, with the result 
that the through holes 23 x Jo 23<T become Susceptible of 

deformation', when •'the through hqles 23 x to- 23 4 expand in 

<.'-. ' * . • 

the first . half -of the drawing. Like the above 
* . ...*•'• 

25 fabricating method, there can be fabricated a micro- 
structured optical-; fiber, in which any deformation of 

v •: 

• :<*.■ 
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the holes ' 13i to 13 4 are restrained, by optimizing the 

pressure while keeping the drawing tensiori of .0.78 (N) 

or more, even in the case where : i : t has such a structure 

having the d/ A of 0.5 or more .that the -/through holes 

5 are susceptible of deformation. In the method of 

fabricating the micro-structured optical fiber 10 in 

this embodiment, /^n improved mi'cro-struQtured optical 

fiber 10 can .be obtained, even .if itr has' a structure 

having a larger d/ A % by' '^fabricating it under the 

10 condition that the drawing tension is* large (condition 
• *. ** . ■*.... 

near the solid line G420 or G430* in Fig. 4)\. 

"v 

[0095] !■' In the foregoing, • a preferred .embodiment of 
the present invention is explained in detail . However, 
it is needless to say that the present invention is not 

15 limited to the above embodiment., For example, in the 
above embodiment, the holes 13 x to 13 4 are«; arranged so 
as to constitute alayered structure having four layers 
each having the fprm of: a hexagonal lattice in a cross 
section orthogonal],to the longitudinal direction of the 

20 micro-structured optical fiber. . However/'; it - is not 
necessary. to dispose them particularly in such a manner. 
For example, the ;holes might have only tb,. constitute 
three or more layfers . Furthermore, the arrangement of 

r *y. : " * 

the holes 13 x to I3 4 in a cross section orthogonal to 
25 the longitudinal - direction may only '' be •; such a one 
needed to 'Achieve a characteristic to-be realized by a 

'it ■ ■ .' 
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micro-structured .optical fiber, ..e.g. a chromatic 

dispersion having a large absolute value, . or an 

effective,; area larger, .or,; smaller, than*;: 'that of an 

optical fiber having no' hole . ; 

5 [00 96] Furthermore; a dopant (e.g. Ge) for 

increasing- the refractive - index / or a' * dopant for 

reducing the refractive index may b'e added to the core 

* * 

region 1 1 r • No additives may be added to tfie core region 

11. The core region 11 may be hollowed. 
10 [0097] in this embodiment, . tkfee diameter of the 

micro-structured optical fiber 10 to be 'fabricated is 

set at 125 {. ii m) , but iis* no£ riecessairily limited 
particularly, to 12.5-; ■( h m) . , In addition,';: the diameter 
of the optical- fiber preform 2.0 \ is f£5 (mm} , but;is not 
15 always 25 ; (mm) . -Far example., the -diameter may be 36 

(mm), 70 (mm)-, i or the like Howe Veh, : an • optical fiber 
preform having a ^diameter ,;. -larger than 25 (mm) is 
affected by the effect- in that -£he through holes are 
collapsed by surface tensions, until the diameter 
20 changes from 36 (mm) > v or. ! 70 (mm) to*; 25 (mm) ', ; . opposing to 
an optical- fiber preform having the .diameter of 25 (mm). 
Although the pressurizing condition is. optimized so as 

* 1 . 

to cancel, this effect, . adjacent through holes push one 
another if. the deformations of the through holes are 
25 large as described above, possiblyv causing, .deformation . 
Therefore, ..ran optical fiber preform is preferably drawn 
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by a high tension for further reducing the amounts of 

y 

the deformations of the through holes.. On the contrary, 

when the diameter of the preform is reduced to #15 (mm) , 

the fabrication for a midr.o-structured Optical fiber 

• *■ • 

5 becomes e^sy because the influence such ; ; that surface 

tension collapses the through : holes is weakened.. 

[0098J . Furthermore, in this embodiment, in the 

formulas ,fl3) and ( 14 when d A . correspond^" to %he mean 

■ ■■ ,'\ ' 

value 5 A of the maximum hole diameters d^ and minimum 
10 hole diameters d MIN of the holes. 13i to 13,<*. each of the 
first deviations Aj- and second deviations A 2 . of the - 
holes 13i to 13 4 may- be 10 *(%) .or Less. Tri this case, 
the optical transmission characteristic '"/can be made 
closer to the design value. 
15 [0099] In accordance with the. present invention, an 

optical fiber has a. plurality of holes arranged so as 
to satisfy" the* specific conditions in the cross 'section 
orthogonal-' to the longitudinal direction, thereof , and 
therefore the optical transmission .characteristic can 
2 0 be made closer to the design value . 

[0100] From the 'invention thus described, it will 

be obvious^that the embodiments of the invention may be 
varied in many ways. , Such variations are not to be 
regarded as a departure from the spirit and. scope of 
25 the invention, and all- such modifications a;s would be 
obvious to^one skilled 'Ah tte.art'are intended for 
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inclusion within the scope of; the following claims. 
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